The hexanuclear ruthenium cluster [Ru 6 (µ 3 -H) 2 (µ-H) 2 14 ] with 2-amino-6-methylpyridine (H 2 ampy) in decane at reflux temperature. Their metal atoms are supported by ligands that derive from the activation of one (complex 2) or both N-H bonds (complexes 1 and 2) of the H 2 ampy amino fragment. Both contain at least one ampy ligand featuring an unprecedented coordination type: the imido N atom caps a triangle of metal atoms while the pyridine nitrogen is attached to an additional metal atom. One of the ampy ligands of cluster 2 also displays another unprecedented coordination type: it caps a distorted square of metal atoms through the imido N atom while the pyridine nitrogen is attached to one of the atoms included in that square.
Introduction
An extensive derivative chemistry of triruthenium carbonyl clusters containing 2-amidopyridine ligands has been developed during the last decade. These studies have demonstrated that such ligands help maintain the cluster integrity because they act as strong anchors that hold the three metal atoms in close proximity, preventing cluster fragmentations (1) .
We have recently reported that the trinuclear cluster [Ru 3 -(µ-H)(µ 3 -κ 2 -Hampy)(CO) 9 ] (H 2 ampy = 2-amino-6-methylpyridine) undergoes condensation with [Ru 3 (CO) 12 ] at 110-140°C to give the hexanuclear derivative [Ru 6 (µ 3 -H) 2 (µ 5 -κ 2 -ampy)(µ-CO) 2 (CO) 14 ] in high yield (2, 3) (Scheme 1). This reaction afforded the first example of a 2-imidopyridine ligand in which the imido N atom caps a metallic square. Subsequent reactivity studies using [Ru 6 (µ 3 -H) 2 (µ 5 -κ 2 -ampy)(µ-CO) 2 (CO) 14 ] as starting material have shown that its apical Ru(CO) 3 fragment, which is not anchored by the N atoms, is labile and that this fact is responsible for the observation of pentanuclear and heptanuclear derivatives on some occasions (4) .
Prompted by the fact that the number of known ruthenium carbonyl cluster complexes of nuclearity greater than five that contain N-donor ligands is as yet small (2-6), and having in mind the ability of 2-aminopyridines to undergo N-H bond cleavage processes under thermal conditions when treated with [Ru 3 (CO) 12 ] (2, 7, 8), we decided to attempt the synthesis of new high nuclearity ruthenium carbonyl clusters containing ligands derived from 2-amino-6-methylpyridine. The reason for using a methyl-substituted 2-aminopyridine is that the methyl group facilitates the monitoring of the reactions by 1 H NMR spectroscopy (1). We now report that the treatment of [Ru 6 (µ 3 -H) 2 (µ 5 -κ 2 -ampy)(µ-CO) 2 (CO) 14 ] with H 2 ampy at high temperature has provided two new high-nuclearity ruthenium carbonyl cluster complexes featuring two novel coordination modes for 2-imidopyridine ligands.
Results and discussion
The reaction of the hexanuclear complex [Ru 6 (µ 3 -H) 2 (µ 5 -κ 2 -ampy)(µ-CO) 2 (CO) 14 ] with H 2 ampy (1:3 molar ratio) in refluxing decane for 50 min afforded a mixture of carbonyl products along with some intractable black solid. Shorter reaction times resulted in the observation of considerable amounts of unreacted hexanuclear starting complex. A chromatographic workup revealed the presence of trace amounts of several complexes accompanying two major products, which were subsequently identified as the hexanuclear and octanuclear derivatives [Ru 6 (µ 3 -H) 2 (µ-H) 2 The X-ray diffraction structure of compound 1 is shown in Fig. 1 . A selection of interatomic distances is given in Table 1. The molecule can be described as being formed by two trinuclear moieties related to each other by a noncrystallographic twofold axis. The metal atoms of each trinuclear fragment are capped by an ampy ligand that is also attached to one of the metal atoms of the other trinuclear fragment through the N atom of its imido fragment. The cluster shell is completed by four hydrides (two edge-bridging and two face-capping) and 14 terminal CO ligands. The electron count for this cluster is 92 for which the 18-electron rule predicts eight M-M bonds. However, nine Ru-Ru bonding interactions between the atoms of a double wing edge-bridged butterfly metallic skeleton are clearly observed, two of them are shorter than 2.70 Å and four are longer than 2.95 Å (9). These long distances suggest that a considerable amount of electron density is residing in Ru-Ru antibonding orbitals.
A remarkable feature of the structure of compound 1 is that its ampy ligands bridge four metal atoms, being attached to one Ru atom through their pyridine N atom and to three additional Ru atoms through the imido N atom. Although triply bridging imido ligands are well-known in cluster chemistry (10) , this coordination mode displayed by the ampy ligands in complex 1 is unprecedented for 2-imidopyridine ligands. The solution 1 H NMR spectrum of complex 1 corroborates that the symmetric molecular structure found in the solid state is maintained in solution because it only shows the resonances of one ampy ligand and two hydrides (-14.27 and -17.89 ppm, J = 1.7 Hz).
The X-ray diffraction structure of the octanuclear cluster 2 is shown in Fig. 2 . A selection of interatomic distances is given in Table 2 . Its metallic skeleton can be described as formed by two distorted edge-sharing squares having their most distant edges spanned by two additional metal atoms. Three metal atoms of one of the squares (Ru(1), Ru(2), and Ru(3)) are doubly capped by the imido N atoms of two ampy ligands, one of which has the pyridyl fragment attached to the remaining Ru atom of that square (Ru(4)), while the other has its pyridyl group bonded to the edgebridging atom Ru (8) . An additional ampy ligand is attached to the remaining square in such a way that it caps the four metal atoms with the imido N atom, while the pyridyl fragment is attached to one of these atoms (Ru(1)). The unique Hampy ligand caps the remaining metal triangle, since its amido N atom spans the Ru(5)-Ru(6) edge and its pyridine N atom is attached to Ru(7). The cluster shell is completed with one hydride ligand, which spans the Ru(1)-Ru(3) edge, and 17 carbonyl ligands, two of which asymmetrically span two edges of the imido-capped square. It can be considered that the cluster obeys the 18-electron rule, since its electron count is 122 and has 11 M-M bonds. The long Ru(1)-Ru(4) distance (3.178(1) Å) seems to be compensated for with four distances shorter than 2.72 Å.
The way by which the unique ampy ligand of compound 2 coordinates to the square of metal atoms Ru(1), Ru(4), Ru(5), and Ru(6) is remarkable because, although a few examples of quadruply bridging imido ligands are already known in cluster chemistry (2-4, 6d-6f, 11), it represents an unprecedented coordination mode for 2-imidopyridine ligands.
The 1 H NMR spectrum of cluster 2 is in agreement with its solid state structure, since it shows the resonances of four different 6-methylpyrid-2-yl fragments, along with those of one NH proton (-0.20 ppm) and one hydride ligand (-10.18 ppm).
Concluding remarks
The reaction of the hexanuclear complex [Ru 6 (µ 3 -H) 2 (µ 5 -κ 2 -ampy)(µ-CO) 2 (CO) 14 ] with H 2 ampy has provided two new high-nuclearity ruthenium carbonyl clusters and has allowed us to observe two new coordination types for 2-imidopyridine ligands. In the reaction, once coordinated, the H 2 ampy ligand undergoes one or two N-H bond activation processes that results in the formation of new ligands containing amido (as in 2) or imido fragments (as in 1 and 2). As these new ligands are excellent donors, they easily replace carbonyl ligands of the same metallic fragment (as in 1) or bind to other metallic fragments that are present in solution (as in 2).
Experimental

General
Solvents were dried over sodium (hydrocarbons) or CaH 2 (dichloromethane) and distilled under nitrogen prior to use. The hexanuclear cluster [Ru 6 (µ 3 -H) 2 14 ] (150 mg, 0.129 mmol) and H 2 ampy (42 mg, 0.387 mmol) in decane (20 mL) was stirred under nitrogen at reflux temperature for 50 min. At this time, the IR spectrum of the solution did not show any starting material. A change in the color of the solution from dark brown to reddish brown was accompanied by the formation of some black solid. The solvent was removed under vacuum. The solid residue was extracted into dichloromethane (10 mL) and the solution was supported on silica gel (ca. 6 g). The resulting solid was placed onto a silica gel chromatographic column (2 cm × 20 cm) packed in hexane. Three bands, A (brown), B (brown), and C (red-brown), were eluted with hexane-dichloromethane (10:1). Subsequent elution of the column with hexane-dichloromethane (5:1) afforded band D (greenish yellow). Further elution of the column with hexane-dichloromethane (3:1) afforded band E (violet-brown). Bands A and D contained trace amounts of compounds that were not characterized. Band B contained 5 mg of the starting material, [Ru 6 (µ 3 -H) 2 (µ 5 -κ 2 -ampy)(µ-CO) 2 (CO) 14 ]. Band C 
X-ray diffraction studies
A selection of crystal, measurement, and refinement data for 1 and 2·0.25(CH 2 Cl 2 ) is given in Table 3 . Diffraction data were collected at room temperature on a Bruker AXS SMART 1000 diffractometer, using graphite-monochromated Mo Kα radiation. Absorption corrections were applied with SADABS (12) . The structures were solved by direct methods and refined by full matrix least-squares against F 2 with SHELXTL (13). All non-hydrogen atoms were refined anisotropically. Hydrogen atoms were refined isotropically. The edge-bridging hydrides of 1 were located on difference Fourier maps and were freely refined. The positions of the face-capping hydrides of 1 and the hydride of 2·0.25(CH 2 Cl 2 ) were calculated with XHYDEX (14) and were freely refined. The molecular plots were made with the PLATON program package (15) . The WINGX program system (16) was used throughout the structure determinations. 
